exposure as a potential risk factor for cancer, especially considering that the risk of malignancies is increased in these patients due not only to the disease but also to treatments [18] .
The aim of our study was to compare two non-ionizing techniques, namely color Doppler ultrasonography (CD-US) and diffusion weighted magnetic resonance enterography (DWI-MRE) with quantitative analysis of the ADC value, in the evaluation of the grade of activity in pediatric IBD, considering histology as the reference standard. To our knowledge, this study is the first to compare CD-US and ADC measurement for the definition of disease activity in pediatric IBD.
Materials and Methods

Patients
During the period between February 2010 and November 2012, 94 children and young adults (aged between 2.8 and 18.3 years, mean 11 years, median 13.15 years) underwent a pediatric gastroenterologic evaluation for suspected, non-diagnosed IBD or during follow-up for diagnosed IBD: CD-US and MRE were performed on this occasion in all the cases.
Among this group, we retrospectively selected all those subjects who had undergone, during the same week, CD-US, DWI-MRE with ADC calculation and intestinal biopsy: 36 patients met our inclusion criteria.
We excluded all patients aged more than 19 years, those who had not undergone one examination among US, MRE and histology, and those who did not undergo all three examinations during the same week.
The final sample consisted of 16 females (44.4%) and 20 males (55.6%), aged between 7.8 and 18.5 years (mean 11.9, median 12.9 years). Of these, 15 of 36 patients (41.7%) were examined for suspected IBD, while 21 (58.3%) had histological confirmation of the disease and were undergoing follow-up. Therefore, from 36 patients, 27 were affected by Crohn's disease, 4 by ulcerative colitis and 5 by indeterminate colitis. At the time of the observation, two patients had already undergone surgery and endoscopic dilatation for stricture complications.
Imaging Modalities
During the ultrasonographic and MR examination the bowel was considered in six distinct segments: terminal ileum, caecum, ascending colon, transverse colon, descending colon, sigmoid colon-rectum; overall, we examined 53 intestinal segments (27 ileal, 26 colonic).
Ultrasound Examination
Ultrasound examinations were performed by two experienced radiologists (G.A. and M.M. with 30 and 10 years of experience, respectively) blinded to the histology results, using a Philips HDI5000 SonoCT unit.
No special patient preparation was required prior to US other than a 6-h fasting without intake of solid foods and no contrast medium was used to fill the bowel.
After preliminary screening of the entire abdomen using a convex 2 -5 MHz probe, a linear 5 -12 MHz probe was used to study the small and large bowel loops (PRF 1000). Then the intramural vascularity was measured on color and power Doppler mode. The gain and the time gain compensation (TGC) were adjusted in order to minimize noise artifacts and to improve signal intensity. The parameters evaluated were bowel wall thickness (using a threshold of 3 mm for the terminal ileum and 2 mm for the colon) and intramural vascularity at the site of thickening. The severity of the disease was classified on the basis of the semiquantitative Limberg score, which couples wall thickening with the Doppler signal intensity. Grade 1 corresponds to a thickness greater than normal with partially obliterated wall layers but no increased vascularity. Grade 2 describes bowel wall thickening with spots of vascularity, while in grade 3 there are longer stretches of vascularity and in grade 4 the vascularized stretches extend into the mesentery [19] [20].
MRE Protocol and Imaging Technique
MRE examination was performed using a 1.5 Tesla scan (Philips, Achieva 1.5 T), with phased array body coil (SENSE-body coil). Two experienced gastrointestinal radiologists (G.A. and M.M.), blinded to the histological findings, evaluated the images. 4 February 2016 | Volume 3 | e2406
All the patients were asked to stop eating solid foods for 3 days before MRE to cleanse the bowel. They also took oral cleansing laxatives (Movicol Norgine Italia Srl) for variable times and personalized doses. Allergic patients received anti-allergic premedication with corticosteroids and antihistamines.
On the day of the examination the patients drank a solution of biphasic contrast medium [polyethylene glycol (PEG)], previously prepared by dissolving a granular powder in 1000 ml of water. The volume of contrast medium ranged from 200 and 1000 ml depending on the patient's weight and was administered starting from one hour before MRE, in split doses and intervals based on the patient's compliance. No spasmolytic medication was used to inhibit bowel peristalsis: in all the cases a good degree of distension of the bowel loops was obtained. Patients were all studied in supine position.
The imaging protocol consisted of the following breath-hold sequences, acquired without administration of contrast medium: fluoroscopic rapid acquisition with relaxation enhancement (RARE), 120 mm thick, 10 seconds acquisition time, coronal and axial balanced fast field echo (B-FFE), coronal and axial T2w single shot turbo spin echo (SSh-TSE), axial T2w single shot turbo spin echo SPAIR (SSh-TSE-SPAIR), coronal and axial T1w high-resolution isotropic volume (THRIVE). After i.v. administration of 0.15 ml/kg of gadolinium diethylene-triamine penta acetic acid (Gd-DTPA) 0.5 M followed by 20 ml of saline solution, coronal and axial T1w high-resolution isotropic volume (THRIVE) sequences were performed. DWI sequences were acquired during free breathing, before the administration of Gd-DTPA, on the axial plane, setting b 0 -600 s/mm 2 , matrix 256 × 256, slice number 40, thickness 7 mm, TE 75 ms, TR 8000 ms, flip angle 90˚, FOV 350 -450 ( Table 1) . DWI hyperintensity was considered abnormal and the ADC value was calculated at the same level on automatically generated ADC maps. Two small circular regions of interest (ROIs) with a diameter equivalent to the thickness of the intestinal wall were placed on each bowel segment assessed and the mean values were recorded for statistical analysis. The mean ROI area was 15/20 mm 2 .
Histopathological Analysis
A board-certified pathologist (S.R., with 20 years of experience in gastrointestinal pathology) performed the histological assessment on three ileal and/or colic samples per patient, obtained during ileocolonoscopy and stained with hematoxylin and eosin. Based on different grading scales for CD and UC, the disease was classified as inactive, mild, moderate or severe [21] [22] . Then, the CD-US and ADC results were compared with histological findings.
Statistical Analysis
Data on each patient, including demographic variables, CD-US results, ADC values and histological findings, were collected in a standardized form and then input into a database using File Maker Pro software and analyzed with STATA MP11 statistical software. CD-US and histological results were reported as frequency and percentage. ADC was indicated as mean value, with standard deviation (SD) and range. The agreement between CD-US and histology was calculated using Cohen's kappa coefficient. The results of each CD-US examination were compared with the histological grade of disease: sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) (95% confidence interval) were calculated for each class of results. We 
Results
The histological findings revealed inactivity in 4 out of 53 cases, mild activity in 19 cases, moderate activity in 18 and severe activity in 12 of 53 cases ( Table 2) .
Results of bowel CD-US (Figure 1) showed inactive disease in 5 of the 53 cases, mild active in 15 cases, moderate active in 19 cases and severe disease in 14 of the 53 cases ( Table 3) .
Therefore, in 46 out of the 53 cases (86.8%) there was agreement between the ultrasonographic score and histological grading (4/4 inactivity, 15/19 mild activity, 18/18 moderate activity and 12/12 severe activity). In 5/53 cases (9.4%) CD-US overestimated the severity of the disease (mild histological activity vs moderate and severe US activity), while in 2/53 cases (3.8%) there was an underestimation (moderate histological activity vs inactivity and mild US activity).
The observed agreement between CD-US and histology was 86.8% (Table 4) . Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for CD-US results, as compared to the histological classification of disease severity, are reported in Table 5 .
All the abnormal intestinal segments showed hyperintense signal at DWI evaluation (Figure 2; Figure 3 
Discussion
Assessment of the disease activity is fundamental for a rational management of IBD. Recently, there has been a growing awareness of the shortcomings of only a clinical evaluation for assessment of the disease activity. Some patients with an established diagnosis of IBD and symptoms compatible with a disease flare do not have evidence of active IBD according to laboratory, endoscopic and radiologic criteria [23] .
On the other hand, the laboratory tests and radiologic evaluation of asymptomatic affected patients can sometimes reveal a relapse [24] . In a sizable proportion of cases, IBD starts in childhood and requires numerous follow-up examinations during life: therefore, specific, noninvasive, well-tolerated and repeatable imaging techniques are needed.
According to the literature, US has been widely recognized as a first line imaging modality in children [25] - [28] . The detection of an abnormal bowel wall thickening is a common US finding on which to diagnose IBD, using different thickness values as a threshold, ranging in children from 1.5 to 3 mm for the terminal ileum and from 2 to 3 mm for the colon [29] [30], with 75/94% sensitivity and 67/100% specificity [31] . Vascular lesions and microvascular changes are well known features of IBD: in several studies, Doppler ultrasound has been found increasingly useful for the investigation of splanchnic hemodynamics and it has been demonstrated that the vascularization pattern can be used to determine a sonographic activity score [32] - [35] .
Ruess et al. stressed that a bowel wall thickness > 3 mm and increased bowel wall vascularity are correlated with common laboratory and clinical parameters of disease activity in patients with Crohn's disease and ulcerative colitis [36] .
Haber et al., comparing US and histology in a population of 78 children, demonstrated a statistically significant relationship between maximal bowel wall thickness and disease activity, for both Crohn's and RCU [29] . In our series we obtained similar results, with a statistically significant agreement (86.8%).
We compared the US findings [increased bowel wall thickness (using a threshold of 3 mm for the terminal ileum and 2 mm for the colon) and intramural vascularity at the site of thickening] with intestinal biopsies in the evaluation of the grade of disease activity.
In a study done by Reimund et al. of the US diagnostic value in Crohn's disease and ulcerative colitis, the estimated sensitivity and specificity of US in the evaluation of disease activity were 94% and 67%, respectively [37] ; we obtained a similar sensitivity (80/93.3%) and higher specificity (86.8/100%).
Drews et al used the Limberg classification in a study including 32 adults, and demonstrated a significant association (p < 0.005) between the results of histology and bowel wall vascularity in the terminal ileum (n = 0.66; sensitivity 95%; specificity 69%) [20] . These findings were confirmed by Sasaki et al., who evaluated 108 Crohn's patients, showing that the Limberg score reflects the endoscopic grade of activity, particularly in moderate and severe inflammation [38] . Using the same score we obtained similar results, with a significant associa-February 2016 | Volume 3 | e2406 tion between US and histology (k = 0.81), comparable sensitivity (80/93.3%) and higher specificity (86.8/ 100%).
In a study including 44 children, Bremner et al. proposed that an increased bowel wall thickness in the ileum and in the colon has a high positive predictive value in moderate and severe inflammation [39] . In our study we found the highest PPV (100%) in inactive and severe inflammation, versus 73% and 88.9% in mild and moderate activity respectively.
MRE is another well established imaging modality that does not expose patients to ionizing radiation, and enables the study of IBD with conventional and functional sequences. DWI is a technique that uses the diffusion of water in biologic tissues to produce images: it provides functional, quantitative information about tissue cellularity [16] [40] .
Recently, in several studies, DWI-MRE, associated with ADC measurements, has been shown to reflect an abnormal activity in CD patients [41] [42] . Specifically, intestinal inflammatory lesions are characterized by a brighter signal in the b-value images and lower ADC values in normal segments. The reduction of ADC values in abnormal segments has been suggested to reflect an increased cellularity which, if present, would restrict the diffusion of the water molecules in the tissue [43] /sec in the colon) [48] .
As already observed by Ream et al, as compared to studies involving adults our results were slightly lower [47] . The mean ADC value was 0.837 ± 0.4 × 10 −3 mm 2 /sec in our study vs: 1.59 ± 0.45 × 10 −3 mm 2 /sec in Oto's study [45] , 1.61 ± 0.44 × 10 −3 mm 2 /sec and 1.52 ± 0.43 × 10 −3 mm 2 /sec in the ileum and in the colon, respectively, in Kyriu's study [46] and 1988 (1988 × 10 −3 ) in Tielbeek's study [49] . In our experience the ADC values were negatively correlated to the disease severity and, assuming 1 × 10 −3 mm 2 /sec as a cut off value, were useful to distinguish between inactive and moderate-severe active disease in 83.3% cases.
This study has some limitations. Firstly, the sample size is relatively small: this is partially due to the inclusion criterion that all patients included must have undergone US, MRI and intestinal biopsy during the same week.
Secondly, as the study is retrospective, we were limited to only two b-values (0 and 600 mm 2 /sec) (b-value measures the degree of the diffusion weighting applied. It indicates the amplitude (G), the time of applied gradients (δ) and the duration between the paired gradients (Δ). It is calculated as: b = γ 2 G 2 δ 2 (Δ−δ/3) that were used for our routine DWI examinations; however, these b-values are similar to those described in previous studies [45] [47] [50] assessing DWI in children or adults.
Thirdly, the precise placement of ROIs on the ADC map is very challenging.
Conclusion
CD-US and DWI are useful in the evaluation of IBD severity and can have a particular value in the follow-up in February 2016 | Volume 3 | e2406
childhood. Both techniques could be employed to identify disease flares, even in asymptomatic patients, to monitor the treatment and to evaluate surgical recurrence.
